Concern over the behavior and remediation of dissolved hydrophobic organic contaminants in groundwater at oil and gas facilities has led to this research investigation. In this study, sorption of PAHs, PCBs, Phenols, benzene, ethylbenzene, toluene and xylenes (BTEX) hydrocarbon from groundwater onto a subsoil core sample was examined as well as their destruction in ClO 2 /UV solution systems whereby methanol was the carrier solvent. All sorbate-sorbent systems yielded the S-type isotherms indicating co-operative interactions among sorbed organic species. Sorption of the sorbates could be best represented mathematically by the Freundlich equation with 1/n values ranging from 0.4338 to 2.226. Empirical K f values ranged from 0.89 to 3.049. It is postulated that sorption of sorbates occurs through a combination of hydrogen bonding, dipole-dipole and hydrophobic interactions. Off site travel time for the sorbates ranged from 145 to 80,817 years. Destruction of solutes in UV/ClO 2 solution systems is believed to occur through UV quantum vibration enhancement in molecules and free radical processes. Under the most efficient treatment system, 76 to 98% of the chemicals of concern were destroyed. No dioxins or furans were formed as by-products in any of the treatment systems investigated.This highly effective ClO 2 /UV destructive method has the potential to be applied as a new risk management approach for remediating recalcitrant organic contaminants in impacted groundwater.
Introduction
The groundwater environment at many petroleum industry facilities in Alberta, gasworks and around the world has been impacted by the management of hydrophobic organic contaminants. It has been recognized at such sites, the contaminated groundwater will consist of two contamination zones: a non-aqueous phase zone (NAPZ), and a dissolved contamination zone (DCZ). The zone of dissolved contamination is formed by moving groundwater that comes into contact with the NAPZ which is predominantly originated from anthropogenic sources. The composition of a NAP matrix will contain benzene, ethylbenzene, toluene, xylenes (commonly referred to as BTEX ), polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), phenols, alcohols, aldehydes, ketones, gasoline,heavy metals, polymers, acids, bases, and other type of inorganic chemicals commonly detected at oil and gas facilities [1] .
Sorption is one of the key processes which determine the mobility and bioavailability of hydrophobic organic contaminants [2] [3] [4] . At many sites, DNAP contamination source will consist of intermixing compounds having intrinsically different physicochemical and toxicity properties. As such, co-solvation may affect their advective transport by groundwater.
Some dense non-aqueous organic compounds are sorbed little; they can give rise to substantial aqueous phase plumes. Others are relatively immobile in groundwater and, therefore highly retarded relative to groundwater flow. Several studies have been report-ed on the sorption of hydrophobic organic compounds in solutions [2, 4] . In most of these studies, sorption was limited to a single type of NAP constituent. While those studies are important, however, they may not adequately reflectthe complexity that can be associated with a dissolved phase multi-systemsthat can be encountered at oil and gas facilities.
DNAPL organic constituents are hazardous compounds which have been shown to be persistent and, even at very low concentrations, are highly toxic, mutagenic, and / or carcinogenic. As ubiquitous contaminants at oil and gas facilities, their increased occurrence in the groundwater is of significant environmental concern to the public and regulators because they can pose an unacceptable risk to human health, or the environment. An additional issue is the potential migration of the soluble plume off site, yielding significant environmental and financial liabilities as well as public pressure on the site proponent.
Various risk management strategies aimed at reducing the concentration level of the NAP dissolved-phase constituents in contaminated groundwater and other matrices have been examined. These studies have included biodegradation using microorganisms [5] [6] [7] ), chemical and physico-chemical degradation using TiO 2 [8] , O 3 -UV combined system [9] , ultrasonication [10] , UV radiation [11] , hydro dechlorination by palladium on activated carbon system (Pd-C) [12] , and microwave radiation [13] . In light of these studies, many questions remain concerning the ability to achieve cost-effective destruction of dissolved NAP compounds at contaminated sites.
The toxicity of DNAPL constituents together with their respective ability to bio-accumulate and persist in the environment makes it imperative that their aqueous partitioning behavior be understood and cost-effective risk management be explored. Thus, the main purposes of this study are to quantify sorption behavior of representative NAP chemical constituents in intermixing solution systems on an aquifer media. The second purpose is to ascertain destruction efficiency of selected chemicalsby ClO 2 /UV systems with methanol as the carrier solvent.The findings can be used in designing cost effective and environmental sensitive risk management options at similarly contaminated sites.
Materials and Methods

Sorbent collection and characterization
Representative groundwater and subsoil cores were collected from a compressor station located east of Calgary. A truck-mounted drill equipped with a solid stem auger having the dimensions of 13.5 cm O.D. with sections length of 1.50 m was used for the sampling program. Clean soil cores were retrieved above the contaminated groundwater zone at a depth interval of 4.25-4.50 m from the auger of each corresponding bore hole. Field textural classification according to Unified Soil Classification System (USCS) indicated a silty clay of liquid limit greater than 50% for all three soil samples.
One representative core sample was air-dried at room temperature, homogenized, and analyzed for its physical and chemical properties [14] . Soil sample soluble salts analyses were performed on a soil: water ratio (1:5) following centrifugation of the suspension at 5000 rpm. EC was determined on the aliquot. Analysis of calcium, magnesium, and sodium in the aliquot was performed by means of atomic absorption spectrometry. Soil sample pH was determined in 1:1 soil: 0.01M CaCl 2 while total organic carbon (TOC) by dichromate digestion. Analysis of particle size was by hydrometer, particle density by water displacement, bulk density based on dry volume, and laboratory hydraulic conductivity was determined by the falling-head method at room temperature and corrected for groundwater temperature at 10 o C. The results are presented in Table 1 . The clean core sample was used for carrying out the isotherm study. Clean representative groundwater sample was collected from an upgradient groundwater monitoring well at the site. The collected groundwater sample was used as the source of water in the study. Selected physical and chemical parameters are reported in Table 2 .
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Table2: Selected physical and chemical parameters of groundwater sample. 
Chemicals
All the chemicals were reagent grade and were purchased from Maxxam Analytics. Mixture of solutions of DNAPL constituents were prepared by initially dissolving them in a small volume of ethanol. Then, the final volume adjusted with clean groundwater from the site to achieve the desired concentrations.
ClO 2 is considered as a paramagnetic radical. Reagents to generate ClO 2 was supplied by TwinOxide Canada Corporation. It involves using a two component method of acid and chlorite combination: 5 NaClO 2 + 4 HCl˗˗˗˃ 4 ClO 2 + 2 H 2 O + 5 NaCl. The ClO 2 stock solution for the study was prepared in deionized water, protected from light and used after an hour of preparation. The TwinOxide system is expected to generate a ClO 2 solution with a purity of 99.90%.
Batch mode sorption systems
Sorption isotherms were obtained at 6 o C using batch equilibration technique. Because of the low water solubility of the investigated chemicals, the desired volume of the standards was initially dissolved in methanol and then added to the experimental solution. Clean groundwater sample collected from the site was used in the preparation of the experimental solutions. It was assumed that the carrier solvent methanol has no effect on solutes equilibrium behavior due its relatively low concentration (<0.3% v/v) in the final experimental solution thereby minimizing co-solvent effects [15] . Sorption capacity of the sorbent exposed to various concentrations of a solution of sorbate is depicted in Table 3 . Equilibrium isotherms were developed in a 250 mL wide mouth jar. Batching mixtures was conducted by gently mixing 79 g of clean subsoil substrate with 30 mL of experimental solutions. The solid-to-liquid ratio was maintained at 2.6 to 1 in order to achieve maximum equilibrium sorption. The mixture system was sealed with a screw cap coated with Teflon and allowed to equilibrate for 72 hours in a dark cool room at 6 o C. Kinetic experiments revealed that apparent equilibrium for such chemicals is reached in 72 hours or less for the range of concentrations used in the study [16, 17] . Following equilibration, supernatant was removed with a glass pipette from each respective sorbent: sorbate system, transferred into a labeled glass vial, and then sealed with a Teflon-lined screw cap. The vials were stored at 6 o C prior to analysis. The extent of sorption was estimated as the difference between initial and final analyte concentration. No correction was required for any chemical constituent detected in the initial sorbent or groundwater samples. Experimental controls were prepared the same way but in the absence of soil and groundwater materials.
Destruction in UV/ClO 2 solution systems
Destruction of solutes mixtures of DNAPL constituents was conducted at room temperature in 2L Erlenmeyer flasks wrapped in brown paper. Various solution systems were prepared with methanol as the carrier solvent for the solution. The experimental design is depicted in Table 4 . Final volume of the reaction solution was 1.91L.
An 11 inch long UV lamp 254 nm, 0.4mWcm -2 , 6 W 100V, was used. Each reaction flask was capped with tin foil and wrapped with brown paper. The reaction mixtures were treated for five minutes.The flasks were capped with tin foil, parafilmed, and secured in a cooler filled with ice prior to be parametized. Chemical analysis Chemical analysis of sorbates was performed by Maxxam Analytics, a licensed and accredited commercial laboratory located in Calgary. CCME, EPA 8260C method was used for BTEX analysis, PAHs quantifying by EPA 3540C/8270D method, EPA 3550B and EPA 8082A methods for PCBS analysis, Phenols analysis according to EPA method 3510C and 8270D and Benzo(a) pyrene using EPA method 8270D.
Results and Discussion
Isotherm study
The equilibrium sorption model was used to ascertain the sorption of the sorbents. Sorption of hydrophobic organic chemicals on solid groundwater fabric is one of the key processes which dictate their fate in groundwater systems. Their sorption is often described by the linear, Freundlich or Langmuir equation. The Freundlich equations is expressed as Eq. (1) X/M = KC eq (1) And by taking the log on both sides, Eq (2) can be obtained as the linear form X/M = K f C eq n ; n < 1 or n > 1
Where X/M is the amount of sorbate sorbed per unit of mass of sorbent (mg/Kg), C eq is the concentration of sorbate in equilibrium solution (mg/L). The values of K and Freundlich K f are apparent sorption coefficient {(mg/kg)/(mg/L) -1 } that provides an index of sorption capacity. They can be defined as the sorption or distribution coefficient and the isotherm parameter n is an indication of site energy heterogeneity. Note that for n = 1, the Freundlich equation reduces to the linear form. Both Freundlich and Langmuir models were used to describe the sorption isotherms for the data. The Langmuir isotherm relationship is of a hyperbolic form as Eq. (3) X/M = abC eq /(1+bC eq )
where X/M and C eq are the same units as described above, bis a constant related to the affinity or binding energy between the sorbent and sorbate (L/kg), and constant are presents the maximum contaminant uptake by the sorbent under the given conditions (mg/kg). The linearization of Langmuir is given by Eq.(4)
The linear regression of the plot of [C eq ]/[X/M] as a function of C eq yields a best-fit line with a slope of 1/a and 1/ab as the intercept. The Langmuir relationship can also be linearized by plotting 1/X/M versus C eq . The maximum amount of contaminant sorbed onto the sorbent under the experimental conditions can be calculated from the Langmuir linear equation.
The characteristic of the sorbate-sorbent system yielded total sorption of polychlorinated biphenyls constituents.There was no data available to construct equilibrium isotherms.
All the sorbate-sorbent systems yielded the S-type [18] isotherms (Figure 1 ). The S type sorption curves occur when the sorbent has a very strong affinity for the solvent, therefore, competes strongly with sorbate for sorption sites. Giles et al [18] postulated that the S-type isotherm is due to co-operative interactions among sorbed organic species directly stabilizing the sorbate and there by enhancing the affinity of the surface matrix for the sorbate. In so doing, may lead to clustering of the sorbate in lieu of random surface mixing. Similar S-type isotherms were reported [19] [20] [21] .
J Environ Health Sci | volume 1: issue 3 www.ommegaonline.org Remediation of Hydrophobic Organic Contaminants in Groundwater The linear regression equations and the corresponding coefficient (R 2 ) for the fitted Freundlich and Langmuir are reported in Table 5 . All the sorption isotherms could be best fitted to the Freundlich model except PHE-2, 6-Dichlorophenol. As shown in Table 5 , PHE-2, 6-Dichlorophenol could be best fitted to the Langmuir linear model. The values of R 2 for Freundlich ranged from 0.76 to 0.98 demonstrating sorption nonlinearity to some extent for some chemicals. R 2 values were all significant at 5% level of significance. Langmuir value of R 2 for PHE-2,6-Dichlorophenol was 0.88 which was significant at at 5% level of significance. The Freundlich equation parameters K f and 1/n is a function of the strength of sorption during the sorption process respectively. Both parameters are characteristics of a sorbent-sorbate system. It has been reported [23] that the 1/n value in the Freundlich equation can serve as an index of site energy distribution. They concluded the smaller 1/n, more heterogeneous are the sorption sites.The coefficient values 1/n determined on the log-log practical linear portion of the Freundlich isotherm curves are shown in Table 5 . From the data in Table 5 , 77% of the sorbates have a 1/n value less than 1 while 23% have a value greater than 1. The coefficient values 1/n ranged from 0.4338 to 2.226 while K f values ranged from 0.89 to 3.049. This suggests that the sorption sites are distributed heterogeneously throughout the sorbent matrix. In this way, the strong intermolecular forces between their hydrophobic residues provide more hydrophobic sites for accommodation of sorbates. Selected physical properties of the sorbates [23] are reported in Table 6 . Relationship between log of K f and log K ow is shown in Figure 2 . Polarity is an important parameter affecting sorption activity of organic contaminants. However, the hydrophobicity of sorbents was not found to be strongly correlated to their sorption coefficients, K f . Furthermore, the R 2 = 0.48 was not found significant at 5% of significance. Such lack of correlation provides evidence for a complex sorption process dominated by several mechanisms. The notably higher sorption coefficients 1/n for phenolic sorbates further suggests a sorption mechanism that their polar functional groupsmay also attach to the sorbent by forming hydrogen bonds. As a result, polar functional groups prevent the sorbent from forming hydrogen bonds with water. The dominant mechanism for sorption of the sorbates may have been through a combination of hydrogen bonding, dipole-dipole and hydrophobic interactions with the sorbent. Dipole-dipole form of sorption tends to be weaker and less specific when sorption occurs through hydrophobic interactions, hydrogen bonding, or through a true chemical reaction such as in chemisorptions.
Sorption coefficients, K f , were found to be poorly correlated, R 2 =0.47 and not significant at 5% level of significance, with octanol-water partition, K ow (Figure2) . This tends to indicate that sorption activity is influenced by co-solvation effects as well as by polarity.
The partition coefficient, K f , allows for a rapid determination of the relative affinity and bioavailability of sorbates for solid substrates without concern for the cause or controlling processes involved. In many contaminants modeling, K f is used to evaluate mass of solute transport of chemical species in groundwater systems. As a retardation factor in contaminants transport equations, the higher the K f , the more retarded a contaminant will be by being advectively transported.
It should be pointed out that Darcy's law applies to laminar flow in porous media and is valid for Reynolds number (R = рVd/μ) less than 1 and perhaps as high as 10. This represents an upper limit to the validity of Darcy's law, which turns out to be applicable in most groundwater systems. Deviations occur near pumped wells and in fractured groundwater systems with large openings.
The governing equation to ascertain off site contaminants migration is expressed as Eq. (5) 1 {( )} (7.48 )
Where V is advective velocity of the contaminant, K is hydraulic conductivity, dh/dl is hydraulic gradient, ∅ groundwater fabric porosity, BD is bulk density and R is retardation factor. Subsequently, travel time is calculated by dividing the linear flow path length by the sorbent advective velocity. In the above equation, the retardation factor for Freundlich can be expressed as Eq. (6)
and Langmuir retardation factor is expressed as Eq. (7)
Contaminants transport calculations were performed using a conservative approach and no distinction was made between horizontal and vertical flow. for BH-21, the head loss was equal to 0.30; and for BH-23, the head loss was estimated to be 0.10 m. The contaminants transport calculations will assume the occurrence of an isotropic and homogeneous porous medium. Table 7 contains the travel time calculations under the site hydrogeological conditions evaluated. Calculated travel time ranged from 145 to 80,817 years. Although travel time for PCBs sorbates could not be calculated since 100% sorption occurred, it is logical to stipulate that travel will be greater than 80,817 years. Chemicals destruction in ClO 2 /UV solution systems ClO 2 chemical is a relatively strong, water soluble oxidant, works at a broad pH-range from 4-10, and does not hydrolyze in water. ClO 2 is approximately ten times more soluble in water than chlorine. Unlike chlorine, ClO 2 does not appear to react with natural humic material to produce trihalo methanes and other harmful carcinogenic chemical by-products [24] . However, important considerations must be given to potential nonchlorinated by-products that may be formed through reaction with ClO 2 . By-products that have been reported to be formed include aldehydes, quinones, acids, disulfides, sulfonic acids, oxalic acids, and epoxides [24] . The relative amounts of by-product species formed in a system may be a function of the type and concentration of humic material, and its macromolecular structure as well the amount of ClO 2 residual maintained in the system.Oxidant ClO 2 demand for sorbates degradation was determined based on recommended concentration of 3000 ppm solution and a typical dosing rate between 0.05-2 ppm. Destruction efficiency of chemicals of concern in the various ClO 2 /UV solutionsystems is reported in Table 8 . Control system validates that the design chemical mass was achieved, and any mass loss adjustment from a system other than via UV/ClO 2 destruction for the response was measured and calculated. Treatment 3 (ClO 2 /UV) yielded overall the highest % destruction efficiency ranging from 76 to 98%. For practical considerations, addition of H 2 SO 4 to treatment 4 will tend to make such treatment systems less attractive. No dioxins or furans were formed as by-products in any of the treatment systems investigated. A proposed general destruction equation: {ClO 2 + solution↔ ClO 2 (g) + CO 2 + solution + non-toxic oxidized species + salts} + UV UV enhances quantum vibration in molecules and thereby catalyzes their destruction by ClO 2(g) dissolved in solution as the active radical. As ClO 2 disproportionates in aqueous systems, both chlorite (ClO 2 -) and chlorate (ClO 3 -) anions have the potential to be formed as by-products to potentially decrease effectiveness of ClO 2(g) [24] . Chemicals destruction rate and % destroyed in the five minutes period represent achieved system effectiveness under the experimental conditions. Hence, higher or lower values will Remediation of Hydrophobic Organic Contaminants in Groundwater represent a more or a less effective system. Destruction of the chemicals in the ClO 2 /UV solution systems is postulated to occur primarily through free radical processes with marginal chemicals oxidation occurring through direct electron transfer. The reactions are expected to be second-order, temperature dependent, and not significantly affected by pH in a range of 4-10. The paramount features of this highly effective destruction method are that ClO 2 is relatively inexpensive chemical, very water soluble, easy to handle, and store safely on site. Furthermore, under optimum environmental conditions, the time required for chemicals destruction is short.
Conclusions
This study indicates that all the sorbate-sorbent systems yielded the S-type isotherms due to co-operative interactions among sorbed organic species. Sorption behavior of PAHs, PCBs, Phenols, and BTEX hydrocarbon in an intermixing aqueous solution onto a solid groundwater sample could be best represented mathematically by the Freundlich equation. The coefficient values 1/n ranged from 0.4338 to 2.226 while K f values ranged from 0.89 to 3.049. Dominant mechanism for sorption of the sorbates is postulated to be through a combination of hydrogen bonding, dipole-dipole, and hydrophobic interactions with the sorbent. Contaminants transport calculations under various sites hydrogeological scenarios for potential off site migration ranged from 145 to 80,817 years. UV radiation through quantum enhancement in sorbate molecules enhances their destruction efficiency by ClO 2 . Destruction of the solutes in the UV/ClO 2 solution systems is believed to occur through a combination of quantum vibration and free radical processes.
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